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STARTERAGENERATOR COMBINATION 
WITH ALL VARIABLE FREQUENCY DRIVES 

TECHNICAL FIELD 

The present disclosure generally pertains to gas turbine 
engines, and is more particular directed toward a gas turbine 
engine with an auxiliary power system. 

BACKGROUND 

Gas turbine engines include a starter motor electrically 
coupled to a variable frequency drive electrically connected 
to an alternating current (AC) power source. The AC power 
source is also electrically connected to other variable fre 
quency drives electrically coupled to motors driving pumps, 
ventilation fans, and/or coolers of Subsystems of the gas tur 
bine engine. However, the AC power source may fail or 
become interrupted. 

U.S. Pat. No. 7,250,688 to Scott Thomson et al. discloses a 
starter/generator System for a gas turbine engine used in aero 
nautical applications. In a starting mode, the starter/generator 
system couples a single dynamoelectric machine to the gas 
turbine engine through a torque converter in a starting mode. 
In a generating mode, the starter/generator system engages 
the engine to the dynamoelectric machine through a mechani 
cal differential after the engine reaches self-sustaining speed. 
The starter/generator system combines the output of the 
engine and the torque converter to regulate the frequency of 
AC generated by the dynamoelectric machine within a range 
of frequencies suitable for on-board electrical equipment by 
dynamically regulating the flow of hydraulic fluid to the 
torque converter. 

The present disclosure is directed toward overcoming one 
or more of the problems discovered by the inventors. 

SUMMARY OF THE DISCLOSURE 

A gas turbine engine is disclosed. The gas turbine engine 
includes a compressor, a combustor adjacent the compressor, 
a turbine adjacent the combustor, a shaft, a motor, a primary 
variable frequency drive, an auxiliary variable frequency 
drive, and an auxiliary motor. The compressor rotor assembly 
includes a plurality of compressor disk assemblies. The tur 
bine includes a turbine rotor assembly including a plurality of 
turbine disk assemblies. The shaft is coupled to the compres 
sor rotor assembly and at least one turbine disk assembly. The 
shaft includes a power output coupling providing mechanical 
power to external equipment. The motor is coupled to the 
shaft. The primary variable frequency drive is electrically 
connected to the motor and an AC power source. The primary 
variable frequency drive includes an AC to DC voltage con 
verter, a DC to AC voltage inverter, and a DC power bus. The 
auxiliary variable frequency drive is electrically connected to 
the DC power bus of the primary frequency drive. The aux 
iliary variable frequency drive includes a DC to AC voltage 
inverter. The auxiliary motor is electrically connected to the 
auxiliary variable frequency drive. The primary variable fre 
quency drive provides DC power to the auxiliary variable 
frequency drive. 

Another gas turbine engine is disclosed. The gas turbine 
engine includes a compressor, a combustor adjacent the com 
pressor, a turbine adjacent the combustor, a shaft, a starter 
motor, a starter variable frequency drive, and an auxiliary 
variable frequency drive. The compressor includes a com 
pressor rotor assembly including a plurality of compressor 
disk assemblies. The turbine includes a turbine rotor assem 
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2 
bly including a plurality of turbine disk assemblies. The shaft 
is coupled to the compressor rotor assembly and at least one 
turbine disk assembly. The shaft includes a power output 
coupling providing mechanical power to external equipment. 
The start motor is coupled directly to the shaft. The starter 
variable frequency drive is electrically connected to the 
starter motor and to an alternating current power source. The 
starter variable frequency drive has a DC power bus. The 
auxiliary variable frequency drive is electrically connected to 
the DC power bus of the starter variable frequency drive. The 
starter variable frequency drive provides DC power to the 
auxiliary variable frequency drive. 
A method of driving an auxiliary motor of a gas turbine 

engine is also disclosed. The method includes monitoring an 
alternating current power Source for a starter variable fre 
quency drive with a controller. The method also includes 
controlling a starter motor, by the controller, to generate AC 
power. The method also includes converting the generated AC 
power to DC power with the starter variable frequency drive. 
The method further includes providing the DC power from 
the starter variable frequency drive to an auxiliary variable 
frequency drive electrically connected the auxiliary motor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of an exemplary gas 
turbine engine. 

FIG. 2 is a functional block diagram including the auxiliary 
power system of FIG. 1. 

FIG. 3 is a flowchart of a method for driving an auxiliary 
motor of the gas turbine engine of FIG. 1 with the auxiliary 
power system. 

DETAILED DESCRIPTION 

The systems and methods disclosed herein include a gas 
turbine engine including an auxiliary power system. In 
embodiments, the auxiliary power system includes a motor, a 
primary variable frequency drive, and at least one auxiliary 
variable drive unit. The motor is coupled to the shaft of the gas 
turbine engine and the primary variable frequency drive is 
electrically connected to the motor and an AC power source 
through an AC power bus. The auxiliary variable drive unit is 
electrically connected to the primary variable frequency drive 
through a Direct Current (DC) power bus. When the AC 
power source is disconnected or disrupted, the motor can be 
driven by the shaft of the gas turbine engine to provide AC 
power to the primary variable frequency drive. The primary 
variable frequency drive can convert the AC power to DC 
power and provide the DC power to the auxiliary variable 
drive unit. 
The auxiliary variable drive unit may be electrically con 

nected to a lube oil system, a fuel system, or other Subsystem 
of the gas turbine engine to provide auxiliary power during a 
loss or interruption of the AC power source. Preventing the 
loss of power to the lube oil system, fuel system or other 
Subsystem may avoid a shutdown of the gas turbine engine 
when the AC power source is lost or interrupted. 

FIG. 1 is a schematic illustration of an exemplary gas 
turbine engine 100. Some of the surfaces have been left out or 
exaggerated (here and in other figures) for clarity and ease of 
explanation. Also, the disclosure may reference aforward and 
an aft direction. Generally, all references to “forward' and 
“aft are associated with the flow direction of primary air (i.e., 
air used in the combustion process), unless specified other 
wise. For example, forward is “upstream relative to primary 
air flow, and aft is “downstream relative to primary air flow. 
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In addition, the disclosure may generally reference a center 
axis 95 of rotation of the gas turbine engine 100, which may 
be generally defined by the longitudinal axis of its shaft or 
shafts (supported by a plurality of bearing assemblies 150). 
The center axis 95 may be common to or shared with various 
other engine concentric components. All references to radial, 
axial, and circumferential directions and measures refer to 
center axis 95, unless specified otherwise, and terms such as 
“inner” and “outer generally indicate a lesser or greater 
radial distance from, wherein a radial 96 may be in any 
direction perpendicular and radiating outward from center 
axis 95. 
A gas turbine engine 100 includes an inlet 110, a compres 

sor 200, a combustor 300, a turbine 400, an exhaust 500, and 
a power output coupling 600. 
The compressor 200 includes a compressor rotor assembly 

210, compressor stationary vanes (“stators') 250, and inlet 
guide vanes 255. As illustrated, the compressor rotor assem 
bly 210 is an axial flow rotor assembly. The compressor rotor 
assembly 210 includes one or more compressor disk assem 
blies 220. Each compressor disk assembly 220 includes a 
compressor rotor disk that is circumferentially populated 
with compressor rotor blades. Stators 250 axially follow each 
of the compressor disk assemblies 220. Each compressor disk 
assembly 220 paired with the adjacent stators 250 that follow 
the compressor disk assembly 220 is considered a compressor 
stage. Compressor 200 includes multiple compressor stages. 
Inlet guide vanes 255 axially precede the compressor stages. 
The combustor 300 includes one or more fuel injectors 310 

and includes one or more combustion chambers 390. The fuel 
injectors 310 may be annularly arranged about center axis 95. 
The turbine 400 includes a turbine rotor assembly 410, and 

turbine nozzles 450. As illustrated, the turbine rotor assembly 
410 is an axial flow rotor assembly. The turbine rotor assem 
bly 410 may include one or more gas producer turbine disk 
assemblies 420 and one or more power turbine disk assem 
blies 425. Gas producer turbine disk assemblies 420 and 
power turbine disk assemblies 425 each include a turbine disk 
that is circumferentially populated with turbine blades. Tur 
bine nozzles 450 axially precede each of the gas producer 
turbine disk assemblies 420 and power turbine disk assem 
blies 425. Each turbine disk assembly paired with the adja 
cent turbine nozzles 450 that precede the turbine disk assem 
bly is considered a turbine stage. Turbine 400 includes 
multiple turbine stages. 

Gas turbine engine 100 may include a single or dual shaft 
configuration. In the embodiment illustrated, gas turbine 
engine 100 includes a gas producer shaft 120 and a power 
turbine shaft 125. The gas producer shaft 120 mechanically 
couples to compressor rotor assembly 210 and to gas pro 
ducer turbine disk assemblies 420. The Power turbine shaft 
125 couples to power turbine disk assemblies 425. Power 
turbine shaft 125 may also include power output coupling 
600. The power output coupling 600 is configured to couple to 
and drive external equipment, Such as a generator, a fluid 
pump, a gas compressor, or any other piece of external equip 
ment that may be driven by a gas turbine engine as may be 
apparent to a person of ordinary skill in the art. 
The exhaust 500 includes an exhaust diffuser 520 and an 

exhaust collector 550. 
One or more of the above components (or their subcom 

ponents) may be made from stainless Steel and/or durable, 
high temperature materials known as 'Superalloys’. A Super 
alloy, or high-performance alloy, is an alloy that exhibits 
excellent mechanical strength and creep resistance at high 
temperatures, good Surface stability, and corrosion and oxi 
dation resistance. Superalloys may include materials such as 
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4 
HASTELLOY, INCONEL, WASPALOY, RENE alloys, 
HAYNES alloys, INCOLOY, MP98T, TMS alloys, and 
CMSX single crystal alloys. 
The gas turbine engine 100 includes an auxiliary power 

system generally indicated as 700. The auxiliary power sys 
tem 700 includes a motor 710 and a primary variable fre 
quency drive (VFD) 720. The auxiliary power system 700 
also includes at least one auxiliary variable frequency drive 
(VFD). The embodiment depicted in FIG. 1 includes three 
auxiliary VFDs: a lube oil system VFD 730, a fuel system 
VFD 740, and a third auxiliary VFD 750, which may be used 
by any other system requiring power. For example, the third 
auxiliary VFD 750 may be used by a cooling system or a 
ventilation system associated with the gas turbine engine 100. 
Alternative embodiments may include a single auxiliary 
VFD, a pair of auxiliary VFDs or more than three VFDs, as 
may be apparent to a person of ordinary skill in the art. 
Motor 710 mechanically couples to gas producer shaft 120. 

In some embodiments, motor 710 couples to gas producer 
shaft 120 through a gearbox 705, as illustrated. A motor shaft 
707 may connect motor 710 to gearbox 705. In other embodi 
ments, motor 710 may couple directly to gas producer shaft 
120. In embodiments with a single shaft configuration, motor 
710 couples to the single shaft. In some embodiments, the 
motor 710 may be the starter motor 710 of gas turbine engine 
100 and the primary variable frequency drive (VFD) 720 may 
be a starter VFD. 

Primary VFD 720 is electrically connected to motor 710 by 
primary VFD AC power bus 751. Primary VFD 720 may 
output alternating current (AC) to motor 710 through primary 
VFD AC power bus 751. Primary VFD 720 is electrically 
connected to an AC power source such as a power grid or a 
diesel generator by Primary VFDAC input 752 and is elec 
trically connected to the auxiliary VFDs (the lube oil VFD 
730, the fuel system VFD 740, the third auxiliary VFD 750) 
by one or more DC power buses (753, 754, 755). As illus 
trated, the primary VFD 720 is electrically connected to the 
lube oil VFD 730 by a first DC power bus 753, the lube oil 
VFD 730 is electrically connected to the fuel systemVFD 740 
by a second DC power bus 754, and the fuel system VFD 740 
is connected to the third auxiliary VFD 750 by a third DC 
power bus 755, in series. However, in some embodiments a 
single DC power bus may connect two or more of the auxil 
iary VFDs (the lube oil VFD 730, the fuel system VFD 740, 
the third auxiliary VFD 750) directly to the primary VFD 720 
as should be understood by a person of ordinary skill in the 
art. 

Additionally, in Some embodiments, a stored energy unit 
790 may also be connected to the primary VFD 720 through 
a stored energy DC power bus 761. In some embodiments, the 
stored energy unit 790 may be a battery. More specifically, the 
stored energy DC power bus 761 may connect to third Aux 
iliary VFD 750, which is connected to the third DC power bus 
755, which is connected to the fuel systemVFD 740, which is 
connected to the second DC power bus 754, which is con 
nected to lube oil VFD 730, which is connected to the first DC 
power bus 753, which is connected to the Primary VFD 720. 
In other embodiments, the stored energy DC power bus 761 
may be directly connected to the primary VFD 720. In some 
other embodiments, one or more DC motors may also be 
directly connected to the DC power bus 761 of the primary 
VFD 720. 
The AC power source may provide three-phase AC power 

to the primary VFD 720, which may then distribute power to 
the various components of the gas turbine engine 100, includ 
ing the rest of the auxiliary power system 700. The primary 
VFD 720 may include an AC to DC voltage converter and a 
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DC to AC voltage inverter. Each of the auxiliary VFDs (the 
lube oil VFD 730, the fuel system VFD 740, the third auxil 
iary VFD 750) may also include an AC to DC voltage con 
verter and a DC to AC voltage inverter. 

Each of the auxiliary VFDs (the lube oil VFD 730, the fuel 
system VFD 740, the third auxiliary VFD 750) may be elec 
trically connected to an auxiliary motor 738, 748, 758. For 
example, the lube oil VFD 730 is electrically connected to a 
lube oil motor 738 by a lube oil VFDAC power bus 737. The 
lube oil motor 738 is coupled to a lube oil pump 739 by a lube 
oil drive shaft 760. In some embodiments, a gearbox may be 
provided between the lube oil pump 739 and the lube oil 
motor 738. In such a configuration two or more drive shafts 
may be used to connect the gearbox to the lube oil pump 739 
and lube oil motor 738, as may be apparent to a person of 
ordinary skill in the art. 

Similarly, the fuel system VFD 740 is electrically con 
nected to a fuel system motor 748 by a fuel system VFDAC 
power bus 747. The fuel system motor 748 is coupled to a fuel 
pump 749 by a fuel pump drive shaft 770. In some embodi 
ments, a gearbox may be provided between the fuel pump 749 
and the fuel system motor 748. In such a configuration two or 
more drive shafts may be used to connect the gearbox to the 
fuel pump 749 and fuel system motor 748, as may be apparent 
to a person of ordinary skill in the art. 

Further, the third auxiliary VFD 750 is electrically con 
nected to a third auxiliary motor 758 (such as a ventilation 
motor, cooling motor, or other Subsystem motor) by an AC 
bus 757. The third auxiliary motor 758 is coupled to a sub 
system component 759 by an auxiliary drive shaft 780. The 
Subsystem component 759 may be any component needing to 
be driven by a motor. For example, the subsystem component 
759 may beaventilation fan in a ventilation system or a cooler 
in a cooling system for the gas turbine engine 100. In some 
embodiments, a gearbox may be provided between the sub 
system component 759 and the third auxiliary motor 758. In 
Such a configuration two or more drive shafts may be used to 
connect the gearbox to the subsystem component 759 and the 
third auxiliary motor 758, as may be apparent to a person of 
ordinary 

Stored energy unit 790 may provide DC power to the 
primary VFD 720 when the gas turbine engine 100 is shut 
down and the AC power source has been interrupted or lost. In 
some embodiments, the stored energy unit 790 may provide 
120 Volts DC (VDC). However, the stored energy unit 790 
may provide more or less that 120 VDC to the primary VFD 
720 in other embodiments. Additionally, the stored energy 
unit 790 is charged by the primary VFD 720 when the gas 
turbine engine 100 is operating at self-sustaining speeds. The 
stored energy unit 790 may be a battery or a collection/rack of 
batteries. In one embodiment, the stored energy unit 790 is 
sized to power the motor 710 to rotate the gas turbine engine 
100 up to self-sustaining speeds when the AC power source 
has been interrupted or lost. 

The primary VFD AC power bus 751, primary VFD AC 
input 752, first DC power bus 753, second DC power bus 754, 
third DC power bus 755, lube oil VFDAC powerbus 737, fuel 
system VFD AC power bus 747, third auxiliary VFD AC 
power bus 757, and stored energy DC power bus 761 may be 
electric wires/cables or other insulated conductors used to 
carry electricity. The primary VFD AC power bus 751, pri 
mary VFDAC input 752, lube oil VFD AC power bus 737, 
fuel systemVFDAC power bus 747, and third auxiliary VFD 
AC power bus 757, may be configured to carry three-phase 
AC power. 

FIG.2 is a functional block diagram including the auxiliary 
power system 700 of FIG. 1. In some embodiments, the gas 
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6 
turbine engine 100 includes a lube oil system 160 and a fuel 
system 360. In some embodiments, the gas turbine engine 
100 may also include at least one other subsystem 800, such 
as a ventilation system or a cooling system, or any other 
Subsystem that may be apparent to a person of ordinary skill 
in the art. Lube oil system 160 is configured to circulate oil 
through the lube oil system 160 from a lube oil tank (not 
shown) to bearing assemblies 150, among other things. The 
fuel system 360 is configured to supply fuel to fuel injectors 
310 of the combustor 300. The other subsystem 800 may be 
configured to control the operating temperature of the gas 
turbine engine 100 or circulate air around the gas turbine 
engine 100. As illustrated in FIG. 2, auxiliary power system 
700 may be electrically connected to primary VFD 720, lube 
oil system 160, and fuel system 360. 
Lube oil system 160 may include a lube oil pump 739 and 

a lube oil motor 738 mechanically coupled to the lube oil 
pump 739. In embodiments, the auxiliary power system 700 
includes motor 710 electrically connected to the primary 
VFD 720 which is electrically connected to a lube oil VFD 
730. The lube oil VFD 730 of the auxiliary power system 700 
is electrically connected to the lube oil motor 738 to power the 
lube oil motor 738 and drive the lube oil pump 739. 

Fuel system 360 includes a liquid fuel pump 749 mechani 
cally coupled to a fuel system motor 748. In some embodi 
ments, the fuel pump 749 may be a gas fuel compressor. In 
embodiments of the auxiliary power system 700, the primary 
VFD 720 is electrically connected to a fuel system VFD 740. 
The fuel systemVFD 740 is electrically connected to the fuel 
system motor 748 to power the fuel system motor 748 and 
drive the fuel pump 749. 

Subsystem 800, such as a ventilation system or cooling 
system, includes a Subsystem component 759. Such as a ven 
tilation fan or cooler, mechanically coupled to a third auxil 
iary motor 758. In embodiments of the auxiliary power sys 
tem 700, the primary VFD 720 is electrically connected to the 
third auxiliary VFD 750. The third auxiliary VFD 750 is 
electrically connected to the third auxiliary motor 758 to 
power the third auxiliary motor 758 and drive the subsystem 
component 759. 

In some embodiments, the auxiliary power system 700 
may also include the stored energy unit 790 electrically con 
nected to the primary VFD 720. 
Gas turbine engine 100 may include a control system 

including any number of controllers, control units, and mod 
ules for controlling and operating gas turbine engine 100 and 
the components and systems of gas turbine engine 100. Such 
as the auxiliary power system 700, the lube oil system 160, 
the fuel system 360, and the subsystem 800. For example, as 
illustrated in FIG. 2, the control system may include a con 
troller 721 incorporated into the Primary VFD that may con 
trol the operation of one or more of the gas turbine engine 100, 
the auxiliary power system 700, the lube oil system 160, the 
fuel system 360, and the subsystem 800. The controller 721 
may include an electronic control circuit having a central 
processing unit (CPU). Such as a processor, or micro control 
ler. Alternatively, the control system may include program 
mable logic controllers or field-programmable gate arrays. 
The control system may also include memory for storing 
computer executable instructions, which may be executed by 
the CPU. The memory may further store data related to con 
trolling, interalia, the auxiliary power system 700, the lube oil 
system 160, the fuel system 360, and the subsystem 800. The 
control system may also include inputs and outputs to receive 
sensor signals and send control signals. 

In the embodiment illustrated in FIG. 2, the controller 721 
is incorporated into the primary VFD 720. However, in other 
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embodiments, the controller 721 may be incorporated into 
another component of the gas turbine engine 100. Such as the 
motor 710, for example, or may be a separate subsystem of 
the gas turbine engine 100. 

INDUSTRIAL APPLICABILITY 

Gas turbine engines may be Suited for any number of 
industrial applications such as various aspects of the oil and 
gas industry (including transmission, gathering, storage, 
withdrawal, and lifting of oil and natural gas), the power 
generation industry, cogeneration, aerospace, and other trans 
portation industries. 

Referring to FIG. 1, a gas (typically air 10) enters the inlet 
110 as a “working fluid, and is compressed by the compres 
sor 200. In the compressor 200, the working fluid is com 
pressed in an annular flow path 115 by the series of compres 
sor disk assemblies 220. In particular, the air 10 is 
compressed in numbered 'stages', the stages being associ 
ated with each compressor disk assembly 220. For example, 
“4th stage air may be associated with the 4th compressor 
disk assembly 220 in the downstream or “aft direction, going 
from the inlet 110 towards the exhaust 500) Likewise, each 
turbine disk assembly may be associated with a numbered 
Stage. 
Once compressed air 10 leaves the compressor 200, it 

enters the combustor 300, where it is diffused and fuel is 
added. Air 10 and fuel are injected into the combustion cham 
ber 390 via fuel injector 310 and combusted. Energy is 
extracted from the combustion reaction via the turbine 400 by 
each stage of the series of turbine disk assemblies. Exhaust 
gas 90 may then be diffused in exhaust diffuser 520, collected 
and redirected. Exhaust gas 90 exits the system via an exhaust 
collector 550 and may be further processed (e.g., to reduce 
harmful emissions, and/or to recover heat from the exhaust 
gas 90). 

Motor 710, the primary VFD 720, and auxiliary VFDs 730, 
740, 750 may generally operate off of AC power provided 
from a power grid. Each of the primary VFD 720, and auxil 
iary VFDs 730,740, 750 may not be able to withstanda power 
loss longer than fifteen milliseconds, in which case, the pri 
mary VFD 720, and auxiliary VFDs 730, 740, 750 may shut 
down. Once each of the primary VFD 720, and auxiliary 
VFDs 730, 740,750 shuts down it can take several minutes to 
start back up. With the auxiliary VFDs 730, 740, 750 shut 
down the auxiliary motors 738, 748, 758 may also shut down 
causing other systems such as the lube oil system 160, fuel 
system 360, and/or other subsystem 800 to also shut down. 
When other components and systems, such as the lube oil 
system 160, fuel system 360, and/or other subsystem 800 are 
shut down, a complete shutdown of gas turbine engine 100 
may be required. Such shutdowns may cause extended inter 
ruptions in the operation of gas turbine engine 100 and may 
negatively impact operator's processes. 
The auxiliary power system 700 may use the continued 

rotation of the gas turbine engine 100 to generate AC power 
using the motor 710, convert the AC power to DC power by 
the primary VFD 720, and distribute the DC power to the 
auxiliary VFDs 730, 740, 750 through the DC power buses 
753,754,755. Each of the auxiliary VFDs 730,740,750 may 
then power the auxiliary motors 738,748, 758. 

In the event that the AC power loss or interruption occurs 
prior to the gas turbine engine 100 achieving self-sustaining 
speed, the stored energy unit 790 may provide DC power to 
the primary VFD 720 to power the motor 710 to rotate the gas 
producer shaft 120 of the gas turbine engine 100 until self 
Sustaining speed is achieved. 
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8 
FIG. 3 is a flowchart of a method 900 that may be per 

formed by the controller 721 to drive one or more of the 
auxiliary motors 738,748,758 of the gas turbine 100 engine 
of FIG. 1 using the auxiliary power system 700. The method 
900 may include the controller 721 controlling the gearbox 
705 to turning or rotate the shaft 707 of the motor 710 con 
nected to a primary VFD 720 with the gas turbine 100 at step 
905. In a dual shaft configuration, the shaft 707 is connected 
to the gas producer shaft 120 of the gas turbine 100 by a 
gearbox 705. Specifically, the shaft 707 is rotated by a torque 
provided by the rotation of the turbine rotor assembly 410. In 
a single shaft configuration, the motor 710 may be connected 
to the gas producer shaft 120 without a gearbox 705. 
The method 900 also includes monitoring the AC power 

level of an AC power source of the primary VFD 720 with the 
controller 721 of the motor 710 while turning the shaft 707 
with the gas turbine engine 100 at step 910. 

In step 915, the controller 721 controls the motor 710 to 
generate AC powerthrough rotation of the shaft 707 by torque 
provided by the turbine disk assembly 425 of the case turbine 
engine 100. In some embodiments, the controller 721 may 
control the motor 710 to generate AC power when an inter 
ruption or loss of the AC power level of the AC power source 
is detected by the controller 721. For example, the controller 
721 may control the motor 710 to rotate slower relative to gas 
turbine engine 100 such that the torque provided by the tur 
bine disk assembly 425 of the gas turbine engine 100 drive the 
rotation of the motor 710 generating AC power. The AC 
power generated by the motor 710 is provided to the primary 
VFD 720 by the motor 710. 

In other embodiments, the controller 721 may control the 
motor 710 to continuously generate AC power through rota 
tion of the shaft 707 by torque provided by the turbine disk 
assembly 425 once the gas turbine engine 100 reaches self 
Sustaining speeds. Again, the AC power generated by the 
motor 710 is provided to the primary VFD 720 by the motor 
710. 

In step 920, the controller 721 controls the primary VFD 
720 to convert the provided AC power to 120 VDC power 
using the AC to DC converter of the primary VFD 720. The 
120 VDC power is provided to one or more of the auxiliary 
VFDs 730, 740,750 (e.g. lube oil VFD 730, fuel system VFD 
740, and third auxiliary VFD 750) through the DC power 
buses 753, 754,755 in step 925. 
The lube oil VFD 730 may convert the provided 120 VDC 

to AC power to drive the lube oil motor 738 to drive the lube 
oil pump 739 to continue to pump lube oil to the bearing 
assemblies 150 during an interruption of the AC power 
source. The fuel system VFD 740 may also convert the pro 
vided 120 VDC to AC power to drive the fuel system motor 
748 to drive the fuel pump 749 to continue to pump fuel to the 
fuel injectors 310 of the combustor 300 during an interruption 
of the AC power source. The third auxiliary VFD 750 may 
also convert the provided 120 VDC to AC power to drive the 
third auxiliary motor 758 to continue to drive the subsystem 
component 759 (e.g. a ventilation fan of a ventilation system, 
a cooler of a cooling system, etc.) during an interruption of the 
AC power source. 

In some embodiments, the control system may include an 
auxiliary power module, a lube oil module, a fuel module, and 
an additional Subsystem module. The auxiliary power mod 
ule, a lube oil module, a fuel module, and an additional 
Subsystem module may be incorporated into the controller 
721 or may be separate controllers independent from the 
controller 721. 
The auxiliary power module is configured to control the 

motor 710 to generate AC power until the AC power source 



US 9,273,610 B2 
9 

can be restored. The auxiliary power module may also be 
configured to control the primary VFD 720 to convert the 
generated AC power to DC power and distribute the DC 
power to the auxiliary VFDs (i.e. lube oil VFD 730, fuel 
system VFD 740, and third VFD 750). 
The lube oil module is configured to control the lube oil 

VFD 730 to regulate the speed of the lube oil motor 738 and 
the lube oil pump 739. The fuel system module is configured 
to control the fuel system VFD 740 to regulate the amount of 
fuel supplied to the fuel injectors 310 of the combustor 300 by 
the fuel pump 749 driven by the fuel system motor 748. The 
additional Subsystem module is configured to control the 
third auxiliary VFD 750 to regulate the speed of the third 
auxiliary motor 758 and the subsystem component pump 759 
(e.g. a ventilation fan of a ventilation system, a cooler of a 
cooling System, etc.). 
By providing an auxiliary power system as described 

above, operation of the gas turbine engine can be maintained 
during a loss of external power. By allowing continued opera 
tion of the gas turbine engine during external power loss, 
equipment down time and associated operating losses may be 
reduced. Additionally, by providing DC power from the pri 
mary VFD 720 to the auxiliary VFDs 730, 740, 750 through 
the DC power buses 753, 754,755 transition from operating 
off of the external power source to operating off of the aux 
iliary power system with minimal Switching. 
The preceding detailed description is merely exemplary in 

nature and is not intended to limit the invention or the appli 
cation and uses of the invention. The described embodiments 
are not limited to use in conjunction with a particular type of 
gas turbine engine. It will be appreciated that the gas turbine 
engine inaccordance with this disclosure can be implemented 
in various other configurations. Furthermore, there is no 
intention to be bound by any theory presented in the preced 
ing background or detailed description. It is also understood 
that the illustrations may include exaggerated dimensions to 
better illustrate the referenced items shown, and are not con 
sider limiting unless expressly stated as such. 
What is claimed is: 
1. A gas turbine engine, comprising: 
a compressor including 

a compressor rotor assembly including a plurality of 
compressor disk assemblies; 

a combustor adjacent the compressor; 
a turbine adjacent the combustor, the turbine including 

a turbine rotor assembly including 
a plurality of turbine disk assemblies; 

a shaft coupled to the compressor rotor assembly and at 
least one turbine disk assembly, the shaft including a 
power output coupling providing mechanical power to 
external equipment; 

a motor coupled directly to the shaft; 
a primary variable frequency drive electrically connected 

to the motor and to an AC power source, the primary 
variable frequency drive including an AC to DC voltage 
converter, a DC to AC voltage inverter, and a DC power 
bus; 

an auxiliary variable frequency drive electrically con 
nected to the DC power bus of the primary variable 
frequency drive, the auxiliary variable frequency drive 
including a DC to AC voltage inverter; and 

an auxiliary motor electrically connected to the auxiliary 
variable frequency drive, 

wherein the primary variable frequency drive provides DC 
power to the auxiliary variable frequency drive. 

2. The gas turbine engine of claim 1, wherein the primary 
variable frequency drive comprises a controller configured to 
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10 
monitor an AC power level of the AC power source and 
control the motor to rotate in response to torque provided by 
rotation of the turbine rotor assembly to generate AC power 
when an interruption or loss of AC power of the AC power 
Source is detected during operation of the gas turbine engine; 
and 

wherein the AC to DC voltage converter of the primary 
variable frequency drive is configured monitor the AC 
power of the AC power source and convert the AC power 
generated by the motor to DC power and provide the DC 
power to the auxiliary variable frequency drive when the 
interruption or loss of AC power of the AC power source 
is detected during operation of the gas turbine engine. 

3. The gas turbine engine of claim 1, further comprising a 
drive shaft coupled to the auxiliary motor; and 

a lube oil pump coupled to the drive shaft, the lube oil pump 
configured to Supply lube oil to bearing assemblies for 
the gas turbine engine. 

4. The gas turbine engine of claim 1, further comprising a 
drive shaft coupled to auxiliary motor; and 

a fuel pump coupled to the drive shaft, the fuel pump 
configured to supply fuel to the combustor of the gas 
turbine engine. 

5. The gas turbine engine of claim 1, further comprising a 
drive shaft coupled to the auxiliary motor; and 

a ventilation system having ventilation fans coupled to the 
drive shaft, the ventilation fans configured to move air 
through the ventilation system. 

6. The gas turbine engine of claim 1, further comprising a 
drive shaft coupled to the auxiliary motor, and; 

a cooling system having coolers coupled to the drive shaft, 
the coolers configured to cool the gas turbine engine. 

7. The gas turbine engine of claim 1, wherein the auxiliary 
variable frequency drive comprises a plurality of auxiliary 
variable frequency drives, each auxiliary variable frequency 
drive electrically connected to the DC power bus of the pri 
mary variable frequency drive; and 

wherein the auxiliary motor comprises a plurality of aux 
iliary motors, each auxiliary motor electrically con 
nected to one of the plurality of auxiliary variable fre 
quency drives. 

8. A gas turbine engine, comprising: 
a compressor including 

a compressor rotor assembly including a plurality of 
compressor disk assemblies; 

a combustor adjacent the compressor, 
a turbine adjacent the combustor, the turbine including 

a turbine rotor assembly including 
a plurality of turbine disk assemblies; 

a shaft coupled to the compressor rotor assembly and at 
least one turbine disk assembly, the shaft including a 
power output coupling providing mechanical power to 
external equipment; 

a starter motor coupled directly to the shaft; 
a starter variable frequency drive electrically connected to 

the starter motor and to an alternating current power 
source, the starter variable frequency drive having a DC 
power bus; and 

an auxiliary variable frequency drive electrically con 
nected to the DC power bus of the starter variable fre 
quency drive; 

wherein the starter variable frequency drive provides DC 
power to the auxiliary variable frequency drive. 

9. The gas turbine engine of claim 8, wherein the primary 
variable frequency drive comprises a controller configured to 
monitor an AC power level of the AC power source and 
control the starter to rotate in response to torque provided by 
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rotation of the turbine rotor assembly to generate AC power 
when an interruption or loss of AC power of the AC power 
Source is detected during operation of the gas turbine engine; 
and 

wherein the starter variable frequency drive is configured 
to monitor the AC power of the AC power source and 
convert the AC power generated by the motor to DC 
power and provide the DC power to the auxiliary vari 
able frequency drive when the interruption or loss of AC 
power of the AC power source is detected during opera 
tion of the gas turbine engine. 

10. The gas turbine engine of claim 8, further comprising a 
lube oil system comprising 

a lube oil motor electrically connected to the auxiliary 
variable frequency drive; 

a drive shaft coupled to the lube oil motor; and 
a lube oil pump coupled to the drive shaft, the lube oil pump 

configured to Supply lube oil to bearing assemblies for 
the gas turbine engine. 

11. The gas turbine engine of claim 8, further comprising a 
fuel system comprising 

a fuel system motor electrically connected to the auxiliary 
variable frequency drive; 

a drive shaft coupled to the fuel system motor further 
comprising a drive shaft coupled to fuel system motor; 
and 

a fuel pump coupled to the drive shaft, the fuel pump 
configured to supply fuel to the combustor of the gas 
turbine engine. 

12. The gas turbine engine of claim 8, further comprising a 
ventilation system comprising 

a ventilation motor electrically connected to the auxiliary 
variable frequency drive; 

a drive shaft coupled to the ventilation motor; and 
ventilation fans coupled to the drive shaft, the ventilation 

fans configured to move air through the ventilation sys 
tem. 

13. The gas turbine engine of claim 8, further comprising a 
cooling System comprising 

a cooling motor electrically connected to the auxiliary 
variable frequency drive; 

a drive shaft coupled to the cooling motor; 
coolers coupled to the drive shaft, the coolers configured to 

cool the gas turbine engine. 
14. The gas turbine engine of claim8, wherein the auxiliary 

variable frequency drive comprises: 
a lube oil variable frequency drive electrically connected to 

a lube oil motor, the lube oil motor coupled to a drive 
shaft, the drive shaft coupled to a lube oil pump config 
ured to Supply lube oil to bearing assemblies for the gas 
turbine engine; and 
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a fuel system variable frequency drive electrically con 

nected to a fuel system motor, the fuel system motor 
coupled to a drive shaft, the drive shaft coupled to a fuel 
pump configured to Supply fuel to the combustor of the 
gas turbine engine. 

15. The gas turbine engine of claim 8, further comprising a 
stored energy unit electrically connected to DC power bus of 
the starter variable frequency drive, wherein the starter vari 
able frequency drive provides DC power to the stored energy 
unit. 

16. A method of driving an auxiliary motor of a gas turbine 
engine, the method comprising: 

monitoring an alternating current power source for a starter 
variable frequency drive with a controller; 

controlling a starter motor, by the controller, to generate 
AC power; 

converting the generated AC power to DC power with the 
starter variable frequency drive; 

providing the DC power from the starter variable frequency 
drive to an auxiliary variable frequency drive electrically 
connected the auxiliary motor. 

17. The method of claim 16, wherein the controlling the 
starter motor to generate AC power comprises: 

controlling the starter motor to turn slower relative to the 
gas turbine engine Such that a rotation of the gas turbine 
engine and the shaft powers rotation of the starter motor 
to generate AC power when an interruption or loss of the 
alternating current power source occurs. 

18. The method of claim 16, further comprising: 
driving a lube oil pump to provide lube oil to bearing 

assemblies of the gas turbine engine with the auxiliary 
motor. 

19. The method of claim 16, further comprising: 
driving a fuel pump to provide fuel to a combustor of the 

gas turbine engine with the auxiliary motor. 
20. The method of claim 16, wherein the providing DC 

power to an auxiliary variable frequency drive comprises: 
providing DC power from the starter variable frequency 

drive to a lube oil variable frequency drive electrically 
connected to a lube oil motor; 

driving a lube oil pump to provide lube oil to bearing 
assemblies of the gas turbine engine with the lube oil 
motor, 

providing DC power from the starter variable frequency 
drive to a fuel system variable frequency drive electri 
cally connected to a fuel system motor; and 

driving a fuel pump to provide fuel to a combustor of the 
gas turbine engine with the fuel system motor. 
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